La-doped YBCO (Y 0.9 La 0.2 Ba 1.9 Cu 3 O y ) superconducting films were deposited by an off-axis DC magnetron sputtering method. We investigated the relationship between the film characteristics and the deposition conditions, and drew systematical maps in terms of composition, surface morphology, crystal structure and superconducting properties for the films deposited at various spatial geometries of a substrate and a target. Correspondence between the Cu content and the surface morphology was clearly observed. Cu-rich films had precipitates on the surface. Slightly Cu-poor films exhibited c-axis orientation and a high T c of 87 K. Among them, the film deposited at a rather fast deposition rate exhibited a flat surface with an average surface roughness R a less than 1 nm for an area of 10 micron square. Considerably Cu-poor films contained a-axis oriented grains or exhibited very rough surfaces. The cationic ratio of Y:La:Ba did not change significantly.
Introduction
YBa 2 Cu 3 O y (YBCO) superconductor is the most promising material for applications of high-T c superconductors (HTS), because of its high T c around 90 K, chemical stability, relatively low anisotropy in superconducting properties and so on.
1)3)
Presently, products using YBCO such as microwave filters and SQUID magnetometers are commercially available. 4) , 5) The fabrication process for the HTS high speed sampler and HTS single-flux-quantum (SFQ) digital circuits has been studied with the aim of realizing next HTS products consisting of more complicated structures. 6 ),7) For application to power cables, transformers and motors, coated conductors using YBCO have been intensively developed in recent years. 8) , 9) In these applications, one of key technologies is the fabrication technique of high-quality YBCO films being c-axis oriented and having flat surfaces on single-crystal or textured substrates.
Recently we have studied the fabrication process of HTS electronic devices including ramp-edge-type Josephson junctions (JJs). 7) To establish the reproducible process, preparation technique of high-quality films with multi-layer structures has been required. In particular, the lowest layer must have excellent crystallinity and a flat surface, because the layer is the foundation of the multi-layer structures. We have applied an off-axis single-target magnetron sputtering method to fabricate the lowest superconducting layers working as ground planes. This method can produce high-quality YBCO films with flat surfaces. 10)33) In our design of the SFQ devices, La-doped YBCO (Y 0.9 La 0.2 Ba 1.9 Cu 3 O y : La-YBCO) has been used for the lowest layer. Simultaneous substitution of La for Y and Ba allows flexibility of cationic composition in the films without precipitation of impurities. 35) We previously reported reproducible production of a flat La-YBCO ground plane by offaxis magnetron sputtering throughout one year. 36) In film preparation by the sputtering technique, there are so many parameters to be controlled, such as substrate temperature, gas pressure, target composition, input power to plasma and so on. For deposition using the off-axis method, geometry of a substrate and a target must be added to the deposition parameters. Although there are many reports on YBCO thin film preparation by the off-axis sputtering method, only a few studies focused on the spatial geometries. 26) , 34) There is no report on experimental data of composition, surface morphology, crystal structure and superconducting properties for more than ten samples. We prepared 13 films deposited at various spatial geometries of a substrate and a target, and then investigated their properties. We compared the obtained data and made systematical maps for the spatial geometries. In this report, changes in the film characteristics are described according to the maps.
Experimental
Films were deposited by an off-axis magnetron sputtering method. The detailed experimental set-up for the La-YBCO deposition was previously described in Ref. 36 . 15-mm-square MgO (100) substrates with a thickness of 0.5 mm were used. We used a substrate holder in which four substrates could be simultaneously mounted as shown in Fig. 1(a) . The substrates were set at an interval of 3 mm. The holder was rotated during deposition to obtain similar film qualities for each substrate. A graphite heater installed in another vacuum chamber heated the substrates by thermal radiation through a quartz window. The distance between the substrates and the heater was about 15 mm. The applied off-axis configuration of the target and the substrate holder is illustrated in Fig. 1(b) . A sintered target with a diameter of 75 mm and a thickness of 6 mm was used. For controlling and improving the surface quality of YBCO films, the importance of the initially grown layer was emphasized by Gao and Wong. 25) It is likely that the initial growth is influenced by surface conditions of substrates. Du et al. 41) studied the influence of MgO surface conditions on properties of epitaxial YBCO films deposited by a thermal co-evaporation method, and found that surface cleaning by the ion beam etching (IBE) at a rather low energy was effective in improving the film quality. However, the IBE cleaning requires an ion bombardment process using an ion etching apparatus which is usually separated from the deposition chamber. Such additional process increases a risk of surface contamination during the sample transportation. In the present work, we adopted the insertion of additional layers, instead of substrate surface treatments. Our deposition chamber has four cathodes. We can carry out the in situ sequential deposition of the additional layers without sample transportation. We deposited BZO buffer and thin template layers on MgO prior to DC-sputtered La-YBCO films, since it is significantly effective to promote c-axis orientation and in-plane alignment of YBCOtype superconducting films. 37) 40) We expected that the insertion could provide the ideal foundation for the DC-sputtered La-YBCO films through homo-epitaxial growth. In preliminary experiments, we already found a suitable deposition condition using the RF sputtering for La-YBCO showing c-axis orientation and a very flat surface with R a ³0.60 nm for 10 © 10¯m 2 . Unfortunately, we have experienced that the film quality of the RF-sputtered La-YBCO gradually degraded by continuous deposition. We previously reported that the DC sputtering method is better than the RF one for continuous production of high-quality La-YBCO films exhibiting excellent superconducting properties and flat surfaces.
42), 43) In this work, we thus study the characteristics of DC-sputtered La-YBCO films on RF-sputtered La-YBCO template/BZO buffer/MgO substrates.
Deposition sequence is illustrated in Fig. 2 . The BZO buffer layer was deposited at a heater temperature, T h , of 1020°C, the total pressure, P t = 8 Pa (Flow rates; Ar: 9 sccm, O 2 : 1 sccm) and a geometric configuration of (D off -H t-s ) = (35-130). The sequential deposition of thin La-YBCO template layer was carried out at a heater temperature, T h , 990°C, P t = 10 Pa (Ar: 13 sccm, O 2 :
1 sccm and (D off -H t-s ) = (80-95). Thick La-YBCO films were deposited at T h = 990970°C and (D off -H t-s ) = (60110-65110). T h was gradually lowered during the initial 4-h deposition of the thick La-YBCO film, since the thermal absorption efficiency of the La-YBCO-deposited substrate seemed to increase with increasing the film thickness. After deposition, the chamber was quickly filled with oxygen to 30 kPa.
The examined positions of D off and H t-s are shown in Fig. 3 . Numbers shown at each plot in the figure are deposition rates at each position. Rao et al. 27 ), 28) reported YBCO film thickness profiles against substrate positions at various D off 's and a fixed H t-s . Their data indicate that there was a maximum deposition rate at a certain D off . In the present experiments, the deposition rate was lowered with increasing D off , when deposition was carried out at a fixed H t-s , except for H t-s = 85 mm.
Cationic compositions of the La-YBCO films were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP). Crystallinities were examined by X-ray diffraction (XRD) with Cu K¡ radiation. Surface morphologies were observed by optical, scanning electron and atomic force microscopes (OM, SEM, AFM). Temperature dependence of resistivity was measured by a conventional four-probe method. Magnetic susceptibility was also monitored using a SQUID magnetometer. 
Results and discussion

Composition
The atomic ratios of cations are plotted on the D off -H t-s maps for each element in Fig. 4 . The ratios are calculated on the total cation number of 6.00. The contrast of the circles in the maps represents the ratio for each element. The ratio of La becomes larger with increasing D off and decreasing H t-s . Similar tendencies are seen in the maps for Y and Ba. It indicates that the cationic ratio of Y/La/Ba does not change significantly. On the contrary, an opposite tendency is seen for Cu. A line drawn in the map is a boundary of (La + Y + Ba)/Cu = 1 dividing the D off -H t-s map for Cu-rich or Cu-poor La-YBCO films.
Eom et al. 12) investigated compositional change in YBCO films deposited at various D off 's and a fixed H t-s . Their data indicate appreciable increase in Y content and decrease in Ba with increasing D off , and there is no D off dependence in Cu content (50 atomic % approx.). Considering the 50-% Cu-content, the fixed H t-s in their experiments could be equivalent to H t-s = 95 mm in our maps in Fig. 4 , while the tendency of Ba content is opposite. It is likely that small changes in composition depend on experimental facilities. Tsukamoto et al. 34) also investigated compositional change in YBCO films deposited at various D off and H t-s . They characterized the off-axis spatial geometries into three regions for (I) Cu-poor, (II) stoichiometric, and (III) Cu-rich and Y-poor YBCO films, respectively. Our results shown in Fig. 4 are in good agreement with theirs.
The crystal structure of YBCO basically consists of the perovskite structure, ABO 3 . The large cation A is coordinated by eight small cations B at the corners of the cube and by 12 oxygens at the midpoints of the edges. In La-YBCO, the Acations are La, Y, Ba and the B-cation is Cu. Specific orderings of A-cations and oxygen vacancies are realized in the superconducting phase. Mutual substitution between A-and B-cations hardly occurs in the structure. We can expect that stoichiometric La-YBCO is formed on the line in Fig. 4 and deviation from the line would influence surface morphology and superconductivity due to excess cations.
Surface morphology
Surface appearances observed by OM are shown in Fig. 5 . The four surface images of (a) to (d) were taken for the films deposited at (D off -H t-s ) = (70-95), (70-85), (70-75) and (90-65), respectively. The Cu content in the films decreased in the order of (a) to (d). The surface of Cu-rich films had precipitates, as shown in the image (a). Slightly Cu-poor films exhibited flat surfaces, like the image (b). Significantly Cu-poor composition resulted in rougher surfaces, as shown in the images (c) and (d). Several literatures previously reported that Cu-rich YBCO films had precipitates in surface.
18),22),23),26),34) Wuyts et al. 18) and Tsukamoto et al. 34) obtained Cu-rich films with the precipitates by increasing H t-s . Similar results were obtained in the present experiments.
The SEM surface images of (a) to (c) in Fig. 6 were for the films deposited at (D off -H t-s ) = (70-95), (70-85) and (70-75), respectively. In Fig. 6(a) , precipitates with a variety of shapes are seen. There seems to be some correspondence between the shape and chemical composition. Catana et al. 44) investigated surface outgrowths on their sputtered YBCO films and they identified three types of the outgrowths as follows: type I outgrowths are small cube-shaped Y 2 O 3 grains with a size of (2025) Fig. 6(a) , the observed precipitates seem to be those of types II and III. Detailed compositional analyses on the precipitates are required to clarify it. Square-shaped grains are regularly arranged in Fig. 6(b) . This appearance suggests that the film exhibits c-axis oriented and in-plane alignment is successfully achieved. Small rectangular-shaped grains are seen in Fig. 6(c) . The presence of the rectangular-shaped grains strongly suggests inclusion of a-axis-oriented grains.
12),33) Such inclusion is often observed when the substrate temperature during deposition is not high enough to prepare c-axis-oriented films. 45) In the present case of Fig. 6(c) , the deposition temperature was the same as that for the probably c-axis-oriented film of Fig. 6(b) . It was considered that compositional deviation from the stoichiometry brought about impurity formation inhibiting migration of deposited species on the film surface.
The AFM images were taken for films deposited at various positions of D off and H t-s . Surface images within an area of 2 © 2¯m 2 are mapped in Fig. 7 . The full scale of the vertical axis in the images indicates 20 nm in height. For the films containing precipitates on their surfaces, AFM observation was carried out in a flat region. The number accompanied with each image is an average surface roughness R a for 10 © 10¯m 2 . Very flat surfaces with R a less than 1.00 nm were observed for the films deposited at (D off -H t-s ) = (70-85) and (90-85).
The results of the study of surface morphology are summarized in Fig. 8 . The observed morphologies could be classified into 5 regions in the D off -H t-s map, as follows:
Region A: Precipitates contained Region B: Flat (R a¯2 .00 nm) Region C: Rectangular-shaped grains (probably being a-axis oriented grains) contained Region D: Very rough (R a > 2.00 nm) Region E: Extremely flat (R a < 1.00 nm). The fact that these regions are strongly correlated with H t-s in the map rather than D off suggests that the surface morphologies strongly correspond with the film composition or the cationic ratio (La + Y + Ba)/Cu. That is, the ratio less than unity induces precipitates at the film surface (corresponding Region A), the ratio slightly above unity produces flat films (Region B (including Region E)), and the significantly deviated ratio resulted in rough surfaces.
Structural property
The ª2ª XRD patterns for the films deposited at (D off -H t-s ) = (70-95), (70-85) and (70-75) are shown in Figs. 9(a)(c) . The samples were the same as those in the OM and SEM studies in Figs. 5(a)(c) and Figs. 6(a)(c) , respectively. The targetsub- strate geometries, (D off -H t-s ) are classified in regions A, E and C, respectively in Fig. 8 . The films deposited at (D off -H t-s ) = (70-95) and (70-85) exhibited purely c-axis oriented patterns, as shown in Figs. 9 (a) and 9(b). Any impurity phases other than YBCO due to the small precipitates were not detectable in the XRD pattern of Fig. 9(a) . The pattern for the film deposited at (D off -H t-s ) = (70-75) indicates contamination of a-axis oriented grains, being consistent with the existence of rectangular-shaped grains in the SEM image shown in Fig. 6(c) .
We measured rocking curves of 005 reflection peak for the films and the measured full-width at half-maximum (FWHM) values were indicated in the map as Fig. 10 . Smaller FWHM values were obtained for the films deposited at larger H t-s , except the films deposited at (D off -H t-s ) = (90-65) and (110-65). The compositional study in section 3.1 revealed that the larger H t-s resulted in larger Cu content, as shown in Fig. 4 . Cu-rich composition might improve perpendicularity of c-axis direction for La-YBCO against MgO (100) surface, when the film compositions were not deviated from stoichiometric considerably.
Superconducting properties
The temperature dependences of resistivity and susceptibility for the films deposited at different (D off -H t-s ) positions are plotted in Figs. 11 and 12 , respectively. Films containing precipitates exhibited a rather high T c above 83 K with a sharp transition. The square-shaped grains shown in Fig. 7 imply grain growth with good crystallinity. Films with flat surfaces also exhibited a high T c . In particular, films deposited at (D off -H t-s ) = (100-95) exhibited T c = 87 K and low resistivity above T c . The film was deposited at relatively large numbers of D off and H t-s , resulting a slow deposition rate. It is likely that the films contained a small number of defects that work as scattering centers of charge carriers. RRR (residual resistance ratio, defined as µ (273 K)/µ (100 K) in the present study) values were indicated in the map as Fig. 13 . Large values around 2.30 were obtained for the films deposited at (D off -H t-s ) = (70, 85) and (100-95). It is known that resistivity for a high-quality sample of YBCO exhibits a linear temperature dependence in a range of 100300 K and extrapolation of the line crosses almost zero resistivity at 0 K. Deviation from zero resistivity at 0 K implies the presence of scattering centers. 46) Numbers in parentheses in Fig. 13 are residual resistivity values, µ (0 K), for the films. The larger the RRR is, the smaller the residual resistivity. The smallest residual resistivity was obtained for the film deposited at (100-95). The extremely flat film exhibiting R a = 0.67 nm, deposited at (90-85), did not exhibit the highest RRR and the smallest µ (0 K), implying imperfection in the superconducting film.
The T c values determined by susceptibility measurements are shown in a map of D off and H t-s , as shown in Fig. 14 . Zero resistivity T c values are also given in brackets. For some samples, T c 's determined by resistivity measurements showed slightly higher values than those magnetically determined. It suggests that superconducting paths with a small superconducting volume fraction were formed at temperatures higher than magnetically determined T c 's. In the map, Regions of A to E classified from surface morphology observations, shown in Fig. 8 , are also indicated. The high T c of 87 K was observed for films deposited at an area surrounded by a large rectangle in the map. It is located in Region B, partly overlapped with Region E, and along the boundary line between Regions A and B. This indicates that slightly Cu-poor films exhibit a high T c . Wuyts et al. 18) reported that the presence of Cu-rich particles does not affect T c . On the contrary, our study indicated that Cu-rich composition precisely brought about decrease in T c . We can find an area where the rectangle and Region E are overlapped. Here is a region suitable to produce very flat films exhibiting a high T c . Unfortunately, the films deposited in this overlapped region did not exhibit the smallest FWHM of (005) rocking curve and contain some crystal imperfection working as scattering centers. However, we consider that continuous production of the flat films with a high T c is very important for device fabrication with high reproducibility.
We used a target of La-doped YBCO (Y 0.9 La 0.2 Ba 1.9 Cu 3 O y ) in the present study, since simultaneous substitution of La for Y and Ba allows a flexibility of cationic composition. When the stoichiometric YBCO was used, the window of deposition condition for production of flat high-T c films would be narrower. However, a variation in surface appearance according to substratetarget configuration may be similar with the present La-doped case. The map drawn in the present study would be useful information to look for a suitable condition for good films and to keep continuous production of them.
Conclusion
La-doped YBCO (Y 0.9 La 0.2 Ba 1.9 Cu 3 O y ) superconducting films were deposited by an off-axis DC magnetron sputtering method. Films were deposited at various spatial geometries of the target and the substrate. Relationship between the film characteristics, these are composition, surface morphology, crystal structure and superconducting properties, and the geometries were systematically investigated. The cationic ratio of Y:La:Ba did not changed significantly, but (Y + Ba + La):Cu was systematically changed. A correspondence between the Cu content and the surface morphology was clearly observed. The films with composition of (Y + Ba + La)/Cu < 1.00 had precipitates on the surface. On the contrary, the films with the ratio slightly more than unity exhibited c-axis oriented and high T c of 87 K. Among them, the film deposited at rather fast deposition rate exhibited flat surface. The film deposited at an optimized condition showed sharp superconducting transition at 87 K and had flat surfaces with R a less than 1 nm for 10 © 10 micron square. Considerably Cu-poor films contained a-axis oriented grains or exhibited very rough surfaces. Fig. 13 . RRR (residual resistance ratio, µ (273 K)/µ (100 K)) for the films. Residual resistivity, µ (0 K), is also given in parentheses. Journal of the Ceramic Society of Japan 118 [9] 830-836 2010
